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A New Concept on Remote Sensing of Cirrus Optical
Depth and Effective Ice Particle Size Using
Strong Water Vapor Absorption Channels
Near 1.38 and 1.88 pm

Bo-Cai Gao, Kerry Meyer, and Ping Yang

Abstract—Techniques for retrieving cloud optical properties, i.e.,
the optical depths and particle size distributions, using atmospheric
“window” channels in the visible and near-infrared spectral regions
are well established. For partially transparent thin cirrus clouds,
these “window” channels receive solar radiances scattered by the
surface and lower level water clouds. Accurate retrieval of optical
properties of thin cirrus clouds requires proper modeling of the
effects from the surface and the lower level water clouds. In this
paper, we describe a new concept using two strong water vapor ab-
sorption channels near 1.38 and 1.88 ;«m, together with one window
channel, for remote sensing of cirrus optical properties. Both the
1.38- and 1.88-um channels are highly sensitive in detecting the
upper level cirrus clouds. Both channels receive little scattered solar
radiances from the surface and lower level water clouds because
of the strong water vapor absorption below cirrus. The 1.88-ym
channel is quite sensitive to changes in ice particle size distributions,
while the 1.38-um channel is less sensitive. These properties allow
for simultaneous retrievals of optical depths and particle size dis-
tributions of cirrus clouds with minimal contaminations from the
surface and lower level water clouds. Preliminary tests of this new
concept are made using hyperspectral imaging data collected with
the Airborne Visible Infrared Imaging Spectrometer. The addition
of a channel near 1.88 ym to future multichannel meteorological
satellite sensors would improve our ability in global remote sensing
of cirrus optical properties.

Index Terms—Cirrus clouds, meteorology, Moderate Resolution
Imaging Spectrometer (MODIS), remote sensing, water vapor.

1. INTRODUCTION

HIN CIRRUS clouds have historically been difficult to de-

tect by satellite sensors with visible and infrared (IR) at-
mospheric window channels, particularly over land, due to sur-
face emission and the partial transparency of such clouds. How-
ever, in the early 1990s, based on the analysis of hyperspectral
imaging data collected by the Airborne Visible Infrared Imaging
Spectrometer (AVIRIS) [7], [20], it was found that narrow chan-
nels near the centers of the 1.38- and 1.88-pm water vapor ab-
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sorption bands are very useful for detecting thin cirrus clouds
[5]. This is because, in the absence of cirrus clouds, little solar
radiance in these two bands that is scattered by the surface and
lower level water clouds reaches airborne or satellite sensors due
to strong water vapor absorption in the lower atmosphere. How-
ever, when the high-altitude cirrus clouds are present, the sensor
can detect the solar radiation scattered by these clouds. The ob-
servations from AVIRIS data strongly influenced the selection
and implementation of a channel centered at 1.375 pm with a
width of 30 nm on the Moderate Resolution Imaging Spectro-
radiometer (MODIS) instrument [8], [17] for cirrus detections
[4]. At present, cirrus clouds on the global scale are routinely
monitored with two MODIS instruments onboard the National
Aeronautics and Space Administration (NASA) Terra and Aqua
spacecrafts. Global high cloud reflectances in the 0.4—1.0-um
spectral region have also been operationally derived from the
MODIS 0.66- and 1.375-psm channel data with an empirical al-
gorithm developed by Gao et al. [6]. These reflectance values
are related to the optical depths of cirrus clouds [11].

Cirrus clouds are known to have strong influences on the
earth’s climate system [10]. Modeling and prediction of climate
requires the parameterization of cirrus radiative properties,
which in return requires the knowledge of cirrus optical prop-
erties, i.e., optical depths and particle size distributions. Both
the optical depths and particle size distributions can be retrieved
from remotely sensed images of atmospheric window chan-
nels in the visible and near-IR spectral regions using the well-
established bispectral techniques [12]-[14]. The atmospheric
window channels detect not only signals from the upper level
cirrus clouds; they also receive solar radiances scattered by lower
level water clouds and clear land surfaces. When cirrus clouds are
located above water clouds or above reflective land surfaces, the
retrieval of optical properties of cirrus clouds requires accurate
modeling of the lower level water clouds or surface reflectances.
Errors in such modeling can potentially introduce errors in the
derived cirrus optical properties. In this paper, we describe a
technique using two strong water vapor absorption channels
near 1.38 and 1.88 pm together with one window channel for
simultaneous retrieval of cirrus optical depths and effective ice
particle sizes. This technique largely eliminates contaminations
from the surface and low-level water clouds because of the use of
the strong water vapor absorption channels. We present prelimi-
nary results from applications of the technique to hyperspectral
imaging data collected with the AVIRIS instrument.
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II. BACKGROUND
A. AVIRIS Instrument

AVIRIS is a hyperspectral imaging instrument designed and
built at the Jet Propulsion Laboratory [7], [20]. The imaging
data acquired with AVIRIS have been used in a variety of re-
search and applications, including geology, agriculture, forestry,
coastal and inland water studies, environment hazards assess-
ment, and urban studies [2], [3]. AVIRIS is now an operational
instrument with reliable radiometric and spectral calibrations. It
has 224 narrow channels with widths of approximately 10 nm to
cover the contiguous solar spectral region between 0.4-2.5 pym.
AVIRIS typically acquires images with a pixel size of 20 m from
a NASA ER-2 aircraft at an altitude of 20 km. The swath width
on the ground is approximately 12 km. AVIRIS can also ac-
quire images from a low-altitude aircraft at spatial resolutions
of 1-4 m with reduced swath widths.

B. Cirrus Detections

Previously, it was reported [4] that narrow channels near the
centers of the 1.38- and 1.88-1m strong water vapor absorption
bands are very effective in detecting thin cirrus clouds based
on the analysis of AVIRIS data collected in the late 1980s and
early 1990s. The mechanisms for cirrus detection are relatively
simple. In the absence of cirrus clouds, these narrow channels
receive little solar radiance scattered by the surface and low-
level water clouds because of the strong absorption of solar ra-
diation by atmospheric water vapor located above them. When
the high-level cirrus clouds are present, these channels receive
solar radiances scattered by cirrus clouds that contrast well on
the dark background.

During the mid-1990s, a major upgrade to the AVIRIS
instrument was made. The SNRs of AVIRIS data improved
significantly. Here we would like to use the newer AVIRIS
datasets to demonstrate again the capability of cirrus detections
with narrow channels near 1.38 and 1.88 um. Fig. 1(a) shows a
true-color AVIRIS image (red: 0.66 pym; green: 0.55 pm; blue:
0.47 pm) acquired over Bowie, MD, near a latitude of approx-
imately 38.97°N and a longitude of approximately 76.74°W
on July 7, 1996. Surface features are seen through the partially
transparent thin cirrus clouds. Fig. 1(b) and (c) shows the 1.38-
and the 1.88-um images, respectively. Both channels allow for
the detection of thin cirrus clouds.

C. Cirrus Reflectance Properties

In order to illustrate the reflectance properties of cirrus clouds,
we show in Fig. 2 an “apparent reflectance” spectrum measured
over an area covered by cirrus clouds above Monterey Bay, CA,
on September 4, 1992. Omitting for convenience the wavelength
(A) and cosine-solar-zenith-angle (1) dependencies, we denote
the “apparent reflectance” at the aircraft or satellite as

. wL
’ (110 Eo) M
where L is the radiance measured by the satellite and Fy the
extraterrestrial solar flux. The cirrus spectrum was scaled to 0.7
near 0.5 pmin order to avoid the overlapping of this curve with the
other two curves in the plot. The absorption features of the atmo-
spheric oxygen band centered near 0.76 pm, water vapor bands
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Fig. 1. (a) True-color AVIRIS image (red: 0.66 pm; green: 0.55 pem; blue:
0.47 prm). (b) The 1.38-p#m channel image. (c) The 1.88-um channel image
processed from the AVIRIS data acquired over Bowie, MD, near a latitude of
approximately 38.97°N and a longitude of about 76.74°W on July 7, 1996.
Surface features are seen in (a), and thin cirrus clouds are seen in (b) and (c).
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Fig. 2. Cirrus reflectance spectrum measured by AVIRIS over an area above
Monterey Bay, Ca, on September 4, 1992, an atmospheric gas transmittance
spectrum, and an ice transmittance spectrum.

near(0.94,1.13,1.38,and 1.88 um, and a carbon dioxide band near
2.06 pm are seen in this spectrum. These features are the result of
absorption by atmospheric gases located above and within cirrus
clouds. The solar radiation transmitted through cirrus clouds
in the downward path is mostly absorbed by atmospheric gases
below cirrus and by liquid water in the ocean. The ice absorption
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Fig. 3.
study is shown in the 1.38-pm plot.

bands centered near 1.5 and 2.0 um are also seen. These bands
result from absorption by ice particles within cirrus clouds. In
order to help identify various absorption features contained in the
cirrus spectrum, we also show an atmospheric gas transmittance
spectrum and an ice transmittance spectrum (0.007 cm thick).
Weak ice absorption occurs near 1.24 and 1.38 pum. The effects
at both wavelengths are expected to be about the same, since the
imaginary parts of the ice refractive index [9] are comparable.
The positions and widths of five MODIS visible and near-IR
atmospheric window channels used in the operational retrievals
of MODIS cloud optical properties [8], [14] and the 1.375-pm
cirrus detecting channel are shown in thick horizontal bars above
the transmittance spectra in Fig. 2. A narrow channel centered
near 1.88 pm with a width of 30 nm, which is absent in any of
the current or near-future meteorological satellite sensors for
cirrus detections, is also illustrated with a thinner horizontal bar
in the lower right portion of the plot. From the ice transmittance
spectrum and cirrus reflectance spectrum, it is seen that the ice
absorption effect over the bandpass of the 1.375-pum channel
is weak, while the absorption effect over the bandpass of the
1.88-pum channel is stronger. This difference allows, in principle,
the simultaneous retrieval of optical depths and ice particle
size distributions using both channels with little contamination
from the surface or lower level water clouds [see Fig. 1(b) and
(c)]. Because the two channels are located within water vapor
absorption regions (see the cirrus reflectance spectrum and gas
transmittance spectrum), the water vapor absorption effects must
be properly modeled and removed before the two channels can
be used for the quantitative retrieval of cirrus optical properties.

III. METHOD

An empirical technique for estimating water vapor trans-
mittances was previously described in detail [5]. Over water
surfaces, the scatter plot of the 1.375-um channel apparent
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(a) Scattering phase function plot for the 1.38-pm channel. (b) Scattering phase function plot for the 1.88-z2m channel. The habit percentage used in this

reflectance values (p] 575) versus the 1.24-pm channel apparent
reflectance values (p7 5,) is made. The slope of an empirically
established line is estimated [5], and this slope is considered
to be the water vapor transmittance (T; 375) for the 1.375-pum
channel. Over land surfaces, the water vapor transmittance
for the 1.375-pm channel is similarly derived, except that
the 0.66-um channel is used in place of the 1.24-pm channel
Because the ice particle absorption effect near 1.375 pm is
weak, the intrinsic cirrus reflectance for the 1.375-pm channel,
p1.375, 1s approximately equal to the ratio of p} 475 /T1.375. This
intrinsic reflectance is related to the cirrus optical depth [11].
For the 1.88-pm channel, both the atmospheric water vapor
absorption effect and the ice particle absorption effect are sig-
nificant (see Fig. 2). We predict the 1.88-pum channel water
vapor transmittance T; gg using the estimated 1.375-pm channel
water vapor transmittance T; 375 and a line-by-line atmospheric
transmittance code [15]. The HITRAN2000 line database [16]
is used in the line-by-line calculations. The intrinsic cirrus
reflectance for the 1.88-um channel, p; gg, is equal to the ratio
of p gs/T1.8s. This intrinsic reflectance is related to both the
cirrus optical depth and the ice particle size distributions.
After obtaining the intrinsic cirrus reflectances for both the
1.375- and 1.88-um channels, the retrieval of cirrus optical
depth and ice particle size can be made using the well-estab-
lished Nakajima and King [12] approach. In order to do so, we
must first generate lookup tables for each sun/satellite viewing
geometry (i.e., relative azimuth angle, as well as solar and
viewing zenith angles). Each lookup table should include the
1.38- and 1.88-pum reflectance values, along with the corre-
sponding optical thickness and effective diameter values. The
discrete ordinates radiative transfer (DISORT) code [18] is used
for all radiance calculations under the assumption of isolated
cirrus clouds with no atmosphere above and below the clouds.
This assumption is justified because the Rayleigh scattering
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Fig. 4. (a) Sample lookup table for the natural cirrus shown in Scene 3

(236.41° relative azimuth, 44.34° solar zenith, and nadir viewing zenith).
(b) Closeup of (a) with Scene 3 AVIRIS data superposed.

effects for wavelengths greater than about 1 xm are negligible.
Cirrus scattering properties (used as input for DISORT) are
averaged from the results of Yang et al. [19].

Fig. 3 shows the single-scattering phase functions for both the
1.38- and 1.88-pm channels averaged from Yang et al. [19]. The
eight midlatitude size distributions used in the DISORT-gener-
ated lookup tables are shown in this plot, with effective diame-
ters ranging from 9.2-46.1 um. The assumed habit percentages
are shown in the 1.38-pm plot. For effective diameters less than
70 pm, we assume a habit percentage of 50% bullet rosettes,
25% plates, and 25% columns. For diameters greater than 70
pm, we assume a composition of 30% rough aggregates, 30%
bullet rosettes, 20% columns, and 20% plates [1].

Fig. 4(a) shows a sample lookup table generated for one case
study of AVIRIS data (236.41° relative azimuth, 44.34° solar
zenith, and nadir viewing zenith). Lines of constant ice crystal
effective diameter and cirrus optical thickness are labeled. Note
the sensitivity of the 1.38-/m wavelength to optical thickness,
and the sensitivity of the 1.88-pum wavelength to effective di-
ameter. For a given pair of intrinsic reflectance values of the
1.38- and 1.88-um channels, simultaneous retrievals of the op-
tical thickness and ice crystal size distribution can, in principle,
be made using the simulated lookup table and a simple table-
searching procedure. Fig. 4(b) shows a closeup of Fig. 4(a), with
AVIRIS data superposed. The data used in this image are from
the natural cirrus image (Scene 3) described below.
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IV. PRELIMINARY RESULTS

The method described in Section III has been applied to three
sets of AVIRIS data, one containing aircraft-induced contrail
cirrus (Scene 1) and two containing natural cirrus (Scenes 2 and
3). Scenes 1 and 2 were taken over the coastal areas of New
Jersey on July 12, 1998 during the Long-term Ecosystem Obser-
vatory in 15 meter of Water (LEO-15) experiment [21]. LEO-15
was primarily designed for the study of shallow coastal waters.
Scene 3 was taken over Monterey Bay, CA, on September 4,
1992. We use the cirrus-contaminated AVIRIS data for our re-
search on simultaneous retrievals of optical depths and ice par-
ticle size distributions. The preliminary retrieval results from the
three AVIRIS datasets are described below.

A. Contrail Cirrus (Scene 1)

Fig. 5(a) shows the 1.24-pm channel image for the scene con-
taining contrail cirrus. The image covers an area of about 12 km
x 10 km. It has 614 pixels from left to right and 512 pixels from
top to bottom. Most of the scene is covered by water, and only
a small fraction of the scene is covered by land. The center of
the image is located at approximately 39.47°N and 76.25°W.
Small white dots are seen throughout the image. These dots
represent the wakes of boats in the water. The contrail itself
is very thin (very small reflectance), and stretches from left to
right across the image. Fig. 5(b) is the 1.38-um channel image.
The contrail cirrus is clearly seen. The boat wakes disappear in
this image due to strong absorption by water vapor below the
contrail cirrus. Fig. 5(c) shows the 1.88-um image. It is almost
identical to the image in Fig. 5(b) with the exception that the re-
flectance values are smaller than those of the 1.38-m channel.

Fig. 6 shows the scatter plot of the 1.38-xm channel apparent
reflectance values (p] 575) versus the 1.24-pm channel apparent
reflectance values (p] 5,) for the scene in Fig. 5. The lower por-
tion of the plot contains land pixels with larger 1.24-um re-
flectance values. Pixels covered by the contrail cirrus over the
dark water surfaces are clustered around a steep line at left.
The slope of this line is our estimate of the water vapor trans-
mittance (Tq 375) for the 1.375-pm channel. The derivations of
the intrinsic cirrus reflectance values for the 1.375-pum channel
(p1.375) and the 1.88-pm channel (p; gg) are subsequently made
using the techniques outlined in Section III. In order to improve
the SNRs of the intrinsic cirrus reflectances (p1.375 and p1.ss),
we performed spatial averaging of the data. The resulting dataset
has only 76 x 64 pixels.

During our practical retrieval process, the retrieval code has
been written for each set of AVIRIS image data using the com-
puted scene-specific lookup table data. The lookup table resolu-
tion is doubled four times (from eight effective diameters and 17
optical depths to 113 effective diameters and 273 optical depths)
using linear averaging. We then perform a simple averaging of
the optical thickness and effective diameters of the four nearest
lookup table points to each data pixel (effectively a data “box”).

Fig. 7(a) shows the retrieved cloud optical thickness of the
scene in Fig. 5. The plot range is scaled from 0.0-0.4, as dis-
played on the color bar. The retrieved optical thickness values
indicate the very thin nature of this contrail cirrus cloud. The
overall pattern of the image clearly matches that of Fig. 5(a)—(c).
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Fig. 5. (a) AVIRIS 1.24-pum image for Scene 1. (b) AVIRIS 1.38-tm image
for Scene 1. (c) AVIRIS 1.88-pm image for Scene 1.

As expected, the largest values of optical thickness are found in
the middle portion of the contrail cirrus.

Fig. 7(b) shows the retrieved ice crystal effective diameter of
the scene in Fig. 5. The plot range is scaled from 0-110 pm.
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Fig. 6. Scene 1 AVIRIS 1.38- versus 1.24-pm scatter plot. Note the horizontal
swath of data points at the bottom of the plot, corresponding to low-level water
clouds and surface effects. The steep, narrow swath of points on the left side of
the plot indicates cirrus clouds.
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Fig. 7.

(a) Retrieved cirrus optical thickness corresponding to the images
in Fig. 5 (Scene 1). (b) Retrieved ice crystal effective diameter corresponding
to Fig. 5 (Scene 1).

Again, the overall pattern of the image clearly matches that
of Fig. 5(a)—(c). The smallest ice crystal sizes are generally
found in the middle of the contrail cirrus (corresponding to
large optical thickness values). This is due to a unique aspect of
1.88-um channel reflectance in that smaller ice crystals reflect
more radiation than larger ice crystals, as evidenced by the plot
in Fig. 4(b).
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Fig.8. (a) AVIRIS 1.24-pm image for Scene 2. (b) AVIRIS 1.38-zzm image for
Scene 2. (c) AVIRIS 1.88-pm image for Scene 2. Note the similarities between
all three images.

B. Natural Cirrus (Scenes 2 and 3)

Fig. 8(a) shows the 1.24-um channel image for the natural
cirrus scene (Scene 2) acquired over the coastal areas of New
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Fig. 9. Scene 2 AVIRIS 1.38- versus 1.24-pm scatter plot. Note that all data
points are clustered in a single, narrow swath, indicating the presence of only
cirrus clouds.

Jersey. The center of the image is located at approximately
39.47°N and 76.04°W. The entire scene appears to be covered
solely by cirrus clouds, with no surface effects. Thick cirrus
clouds are evident in the upper left-hand corner of the image.
The remainder of the image is covered with relatively thin
cirrus. Fig. 8(b) shows the 1.38-um channel image. This image
is very similar to the image in Fig. 8(a). The 1.88-pm channel
image is shown in Fig. 8(c). This image also appears very
similar to the images in Fig. 8(a) and (b).

Fig. 9 shows the scatter plot of the 1.38-pm channel apparent
reflectance values (p] 575) versus the 1.24-pm channel apparent
reflectance values (p] 54) for AVIRIS Scene 2. Due to the lack of
surface and lower level water cloud contributions to the 1.24-;m
channel, all the pixels within the scene are very well clustered
around a straight line. The slope of this line is our best esti-
mate of the water vapor transmittance (T; 375) for the 1.375-pm
channel.

Fig. 10(a) shows the retrieved cirrus optical thickness for
AVIRIS Scene 2. The plotted range is scaled from 0-2, as dis-
played on the color bar. The overall pattern of the image clearly
matches that of Fig. 8(a)—(c). Maximum values of optical thick-
ness are found in the upper left-hand portion of the plot, corre-
sponding to the areas of high reflectance values in Fig. 8(a)—(c).
Smaller optical thickness values are found in the remainder of
the image. Unlike the contrail cirrus scene described above, this
AVIRIS scene displays a thicker layer of cirrus clouds.

Fig. 10(b) shows the retrieved ice crystal effective diameter
for AVIRIS Scene 2. The plotted range is scaled from 0-60 pm,
as displayed on the color bar. The overall pattern of this image
is much harder to discern than that in Fig. 10(a). However, as
should be expected, smaller ice crystals are found in regions of
higher cirrus reflectance (and thus larger optical thickness), as
evident in the upper left-hand corner of the image. Relatively
larger ice crystals comprise the remainder of the image (regions
with lower cirrus reflectance). Overall, the retrieved effective
diameters in this cirrus image are much smaller than those re-
trieved for the thin cirrus contrail in Fig. 7(b), as is expected.

Fig. 11(a) shows the 1.24-um channel image for the second
natural cirrus scene (Scene 3) taken over Monterey Bay, Ca.
The center of the image is located at approximately 36.83°N
and 122.06°W. As in Scene 2, the entire scene appears to be
solely covered by cirrus clouds, without apparent surface ef-
fects. Major portions of the scene are covered with thin cirrus
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Fig. 10. (a) Retrieved cirrus optical thickness corresponding to the images
in Fig. 8 (Scene 2). (b) Retrieved ice crystal effective diameter corresponding
to Fig. 8 (Scene 2).

clouds. The upper right portion contains slightly thicker cirrus
clouds. The 1.38-pm channel image in Fig. 11(b) is very similar
to the Fig. 11(a) image. Fig. 11(c) is the 1.88-xm image corre-
sponding to Fig. 11(a). This image is not as crisp as the images in
Fig. 11(a) and (b), due to greater noise in this channel, but still
captures the overall pattern of the cloud cover. Thicker cirrus
appears in the upper right-hand corner, and thin cirrus is clearly
evident throughout the remainder of the scene.

Fig. 12 shows the scatter plot of the 1.375-um channel ap-
parent reflectance values (p] 575) versus the 1.24-pm channel
apparent reflectance values (p] 5,) for the scene in Fig. 11. Due
to the lack of surface and lower level water cloud contributions
to the 1.24-pum channel, all the pixels within the scene are very
well clustered around a straight line. The slope of this line is
our best estimate of the water vapor transmittance (T 375) for
the 1.375-pum channel. The derivations of the intrinsic cirrus
reflectance values for the 1.375-pum channel (p;.375) and the
1.88-pm channel (p;_sg) are then made using the techniques de-
scribed in Section III. In order to improve the signal to noise
ratios of the intrinsic cirrus reflectances, we performed spatial
averaging of the data. The resulting dataset has 76 x 64 pixels.
The scatter plot of p;.sg versus pi 375 for the spatially averaged
data is superposed over the curves generated from the simulated
lookup tables, as shown in Fig. 4(b).
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Fig. 11. (a) AVIRIS 1.24-xm image for Scene 3. (b) AVIRIS 1.38-m image
for Scene 3. (c) AVIRIS 1.88-pm image for Scene 3.

The reflectance data in this case was collected before the up-
grade to the AVIRIS instrument. We, therefore, apply a lower
threshold value of 0.02 on 1.88-um channel reflectance data.
All 1.88-pm channel reflectance values below this threshold, as
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Fig. 12.  Scene 3 AVIRIS 1.38- versus 1.24-p1m scatter plot. Note that all data
points are clustered in a single, narrow swath, indicating the presence of only
cirrus clouds.
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Fig. 13. (a) Retrieved cirrus optical thickness corresponding to images in
Fig. 11 (Scene 3). (b) Retrieved ice crystal effective diameter corresponding
to Fig. 11 (Scene 3).

well as the corresponding 1.375-pm channel reflectance values,
are assumed to be zero (i.e., clear-sky). This is done as a quality-
control method to remove noise from the data.

Fig. 13(a) shows the retrieved cloud optical thickness for the
scene in Fig. 11. The plotted range is scaled from 0-3, as dis-
played on the color bar. The overall pattern matches that of
Fig. 11(a)—(c). The large, red region of the image corresponds
to the region of high reflectance in the upper right-hand corners
of Fig. 11(a)—(c). Note that the lower left-hand corner has no
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retrieved optical thickness. This is a result of the threshold set
on the 1.88-um channel reflectance data to remove noise.

Fig. 13(b) shows the retrieved ice crystal effective diameter of
the scene in Fig. 11. The plotted range is scaled from 0-70 pm.
Again, the overall pattern matches that of Fig. 11(a)—(c). Note
the relatively small retrieved effective diameters in the region
of high cirrus reflectance (upper right-hand corner). This is due
to the characteristics of the 1.88-xm channel reflectance in that
larger reflectance values correspond to smaller ice crystal sizes.
Also note the lack of retrieved effective diameter in the lower
left-hand corner of the image, again due to the threshold set on
the 1.88-pm channel reflectance data.

V. DISCUSSION

Although we marked in Fig. 2 a narrow 1.88-pym channel
with a width of 30 nm for remote sensing of cirrus optical prop-
erties, the center position and width of the channel should be
further refined for implementation of the channel on possible
future multichannel meteorological satellite sensors. The atmo-
spheric water vapor absorption and ice particle absorption ef-
fects vary rapidly with wavelengths in the 1.7-2.1 pm spec-
tral range. More systematic sensitivity and tradeoff studies are
needed in order to optimize the selection of the center position
and width of the channel.

A brief analysis of the present method also reveals that po-
tential errors will be relatively small. One major source of error
is in our estimation of water vapor transmittance for both the
1.38- and 1.88-um channels. However, since the transmittance
is found using the slope of a linear best fit line from the scatter
plots in Figs. 6, 9, and Fig. 12, we expect the error to be on
the order of 5% or less. A 1% error in water vapor transmit-
tance corresponds to a slightly greater than 1% error in retrieved
cloud optical thickness. Because a water vapor transmittance
error translates to errors in both the 1.38- and 1.88-um chan-
nels, the retrieved ice crystal effective size remains virtually un-
changed, as evidenced by the lookup table in Fig. 4. Errors in
actual reflectance values are insignificant in size and will not af-
fect this study.

VI. SUMMARY

Through analysis of hyperspectral imaging data collected
with the AVIRIS instrument, we have established a new concept
on simultaneous retrieval of cirrus optical depth and effective
ice particle diameter using narrow channels located within the
1.38- and 1.88-pm strong atmospheric water vapor band ab-
sorption regions. The theoretically simulated sensitivity curves
in Fig. 4 indicate the validity of the new concept. Preliminary
tests of the new concept with three sets of AVIRIS data have
been made. Quite reasonable optical depths and effective ice
particle sizes have been obtained. The implementation of the
1.375-pum channel on MODIS has enabled reliable detection
of cirrus clouds on the global scale. It is anticipated that, if an
additional narrow channel near 1.88 pm is implemented on a
future multichannel meteorological satellite sensor, our ability
in global remote sensing of cirrus optical depths and effective
ice particle sizes will be improved significantly.
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